The survival of parasites is dependent on that of the host. It is considered that parasites originated from nonparasitic ancestors and adapted to the environment in the host during the evolutional process, and developed hostand organ-specificities. Regarding energy metabolism, which is an essential factor for the survival, parasites adapt to the environment under a low oxygen tension in the host using metabolic systems which are very different from that of the host mammals. In such systems, parasite mitochondria play diverse roles. Especially, marked changes in the morphology and components of the mitochondria in the life cycle are very interesting in biological aspects such as developmental control and environmental adaptation. Such unique properties of parasite mitochondria could be promising targets for chemotherapy.
INTRODUCTION
Parasites are divided into helminth and protozoa. The former is multicellular parasitic animals and consist of nematode, trematode, and cestode. The latter includes unicellular parasites such as malaria parasite and Entamoeba histolytica. These are different from bacteria, containing nuclei, and possess organelles such as food vacuoles, mitochondria, and hydrogenosomes. Parasites escape from the host defense system using ingenious biological strategies, develop metabolic pathways to adapt the specific environment in the host, and proliferate. Studies of such parasitic adaptation have provided very interesting biological discoveries, as well as have overcome the very important issue: infectious diseases. The recent advances in biochemical and molecular biological methods, in particular, have provided a new concept to the field of basic biology and led to many innovative achievements in the field of biological evolution and diversity, such as variable surface glycoprotein (VSG) that lead to the discoveries of RNA editing and GPI anchor in trypanosome and trans-splicing at the 5′ end of mRNA in nematode and trypanosome. [1] [2] [3] Based on this current background, a new field called 'Molecular Parasitology' is being established, in which parasitism are investigated at the molecular level.
Among the current movements described above, parasitology and studies on energy metabolism described in this review are historically very closely related. In oxidative phosphorylation by which mammalians synthesize ATP using oxygen, respiration is an important component, but not many people may know that the cytochromes that play the principal role in respiration were discovered in studies of parasites. About 80 years ago, when a parasitologist David Keilin observed a horsefly larva that parasitizes horses using a microscopic spectrophotometer, he found a phenomenon that an absorption band appeared at a specific wave length under anaerobic conditions, and the absorption disappeared by aeration. This was the spectrum change of cytochromes caused by oxidation and reduction, and cytochromes c, b, and a were named by the wave length of the absorption band.
4) The discovery of cytochrome by Keilin concluded the long-lasting argument between Warburg and Wieland, and became the basis of the concept that lead to the chemiosmotic hypothesis in oxidative phosphorylation. Figure 1 shows oxidative phosphorylation in aerobic organisms including mammals. 5) ATP that plays the central role in energy-requiring biological *To whom correspondence should be addressed: Department of Biomedical Chemistry, University of Tokyo, 7-3-1 Bunkyo-ku, Tokyo 113-0033, Japan. Tel.: +81-3-5841-3526; Fax: +81-3-5841-3444; E-mail: kitak@m.u-tokyo.ac.jp reactions is synthesized by the glycolytic pathway in the absence of oxygen, but the energy conversion efficiency is low. In aerobic environment in the presence of sufficient oxygen supply, pyruvate generated from glucose becomes acetyl-CoA, and is degraded to water and carbon dioxide by the citric acid cycle (TCA cycle). NADH and succinate produced during this process become substrates of the respiratory chain, and are finally oxidized by oxygen. The respiratory chain is located in the cell membrane in bacteria and in the mitochondria in eukaryotes. Upon respiration, H + -pump present in complexes I, III, and IV pump out hydrogen ions, and differences in the [H + ] concentration (∆pH) and membrane potential (∆Ψ) form electrochemical potential. Using this electrochemical potential as driving force, ATP is synthesized from ADP and phosphate by ATP synthetase. Oxidative phosphorylation is a universal biological reaction of energy metabolism in aerobic organisms from bacteria to humans, but parasites living in an environment under a low oxygen tension convert energy via a pathway that markedly differs from this host metabolic system. Keilin described about the respiratory chain in ascarids, which is the most popular parasite, in his book, 'On Cytochrome, a Respiratory Pigment Common to Animal, Yeast, and Higher Plants', published in 1925, 4) and details of its diversity have recently been clarified at the molecular level.
I. Energy Metabolism of Helminth
Energy metabolism in helminth has been studied particularly in nematode such as ascarid and filaria and trematode such as schistosome and paragonimus, and details of the achievements are summarized in many review articles. [6] [7] [8] [9] Therefore, in this review, I will introduce the current status mainly of ascarid energy metabolism, which has been extensively studied.
I-1. Ascarid Life Cycle and Changes in Respiratory Chain
Ascarids are the most well known parasite, and have been studied as a typical parasite of humans and domestic animals. Since Ascaris suum for research is relatively easy to obtain and the worm size is large, it has been studied as the most appropriate system for biochemical analysis. Adult A. suum inhabits the mammalian small intestine, and females produce 20-40 × 10 4 fertilized eggs per day. Eggs are excreted with feces and become mature eggs containing infectious 3rd stage larvae (L3) in about 2-3 weeks in the usual temperature environment. When orally ingested by a host, the eggs reach the small intestine and hatch. A hatched larva invades the intestinal wall, and migrates to the liver, lung, trachea, and pharyngeal region, and finally returns to the intestine via the esophagus and stomach, and becomes an adult worm. In the small intestine, the oxygen tension is low: pO 2 is 2.5-5%, which is approximately 1/4 of the atmosphere. Therefore, the energy metabolism in adult markedly differs from that in the larvae and host. In adult , the anaerobic glycolytic pathway, phosphoenolpyruvate carboxykinase (PEPCK)-succinate pathway, operates (Fig. 2) , and ATP can be produced under the low oxygen conditions. This system is observed not only in ascarids but also in many parasites, and is also reported for oyster adductor muscle and bivalves at low tide that require energy transduction reaction under anaerobic conditions, suggesting that this is very common pathway in regard to environmental adaptation of energy metabolism system. 10, 11) The early half of the PEPCK-succinate pathway proceeds along with the glycolytic pathway as in mammals, and phosphoenolpyruvate (PEP) is produced. In aerobic metabolism in mammals, PEP is converted to pyruvate by pyruvate kinase, and is degraded to CO 2 and water via acetyl-CoA in TCA cycle. In contrast, in adult worm, CO 2 is fixed by PEPCK, and oxaloacetate (OAA) is produced. OAA is converted to malate by reverse reaction of malate dehydrogenase, and transported into the mitochondria, where pyruvate and fumarate are produced. Fumarate is The respiratory chain is located in the cell membrane in bacteria and in the mitochondria in eukaryotes. Upon respiration, hydrogen ions are pumped out, and differences in the [H + ] concentration (∆pH) and membrane potential (∆Ψ) form electrochemical potential. Then, ATP is synthesized from ADP and phosphate by ATP synthetase using this electrochemical potential as driving force.
reduced to succinate using the NADH as reducing equivalent which is formed when pyruvate is produced from malate. NADH-fumarate reductase system, which is the anaerobic electron transport system characteristic for the adult mitochondria, is involved in succinate formation, which is the final step of this pathway. A terminal oxidase, cytochrome c oxidase (complex IV) is not detected in this respiratory chain system in adult, and the content of ubiquinol-cytochrome-c reductase (complex III) is also very low. 12) In contrast, in larvae which require oxygen for their development, the energy metabolism is aerobic. 13) When mitochondria were isolated from L3 larvae obtained by culturing fertilized eggs under aeration and biochemically investigated, the composition of the respiratory chain was almost the same as that in mammals as shown in Fig. 3 . Quinones, which are low molecular weight electron carriers that transfer electrons between respiratory complexes, also markedly change. In larvae living on aerobic metabolism, ubiquinone functions as in mammals, while in adult, rhodoquinone with a low redox potential is the major component and plays an important role as a component of the NADH-fumarate reductase system (Figs. 3 and 4) . 9) Thus, A. suum adapt to changes in the environmental oxygen tension in the life cycle by dinamic change of the respiratory chain. Recent studies have clarified the characteristics of the mitochondrial electron transport system in A. suum, especially in adult, at the molecule level.
Fig. 2. PEPCK-Succinate Pathway
In aerobic metabolism in mammals and A. suum larva, PEP is converted to pyruvate by pyruvate kinase, and is degraded to CO 2 and water via acetylCoA in TCA cycle. In contrast, in adult worm, CO 2 is fixed by PEPCK, and oxaloacetate (OAA) is produced. 
I-2. NADH-Fumarate Reductase System and Complex II
As described in the previous section, the final step of the PEPCK-succinate pathway that plays the central role in the anaerobic energy metabolism in adult worm is catalyzed by the NADH-fumarate reductase system. In this system, the reducing equivalent of NADH is transferred to low potential rhodoquinone by NADH-ubiquinone reductase complex (complex I), and fumarate is finally reduced to succinate by fumarate reductase activity of complex II. The characteristic of this system is that ATP can be synthesized using the coupling site of complex I even in the absence of oxygen, although the energy efficiency is low. Similar anaerobic respiration system is also present in many parasite mitochondria other than A. suum, and is also found in bacteria. The study in bacteria including Escherichia coli has advanced, and the details have been clarified. 14, 15) In E. coli, there are two types of complex II, and quinol-fumarate reductase (QFR or FRD) encoded by frd operon is induced under anaerobic conditions. In this case, the reducing equivalent from NADH and glycerol is transferred to menaquinone (Fig. 4) , which is a low potential naphthoquinone, and finally transferred to fumarate by QFR. In contrast, under aerobic conditions, sdh operon encoded succinate-ubiquinone reductase (SQR) that catalyzes oxidation of succinate is induced. 16, 17) SQR is a dehydrogenase in the respiratory system as well as an enzyme in TCA cycle, and directly connects these systems in the aerobic energy metabolism (Fig. 5) . Thus, two different enzymes (complex II) are present in E. coli, and the bacteria maintain homeostasis of the energy metabolism by controlling synthesis of these enzymes in response to the environmental oxygen supply and adapt to the environment. How about in parasites? Regarding the enzyme that catalyzes reduction of fumarate in adult mitochondria, there is a long-standing controversy: whether reverse reaction of SQR occurs in larval mitochondria, or QFR in adult mitochondria differs from SQR in larval mitochonodria as in E. coli. 10) Complex II is a generic name of enzyme complexes that catalyze oxido-reduction between succinate and fumarate, and is located in the cytoplasmic membrane in bacteria and the mitochondrial inner membrane in eukaryotes. The subunit structure is very similar throughout species, and basically consists of four polypeptides (Fig. 6) . 18, 19) The largest subunit (Fp) with an approximate molecular weight of 70 kDa contains FAD as a prosthetic group, and the relatively hydrophilic catalytic portion is formed by this subunit and an approximately 30 kDa Ip subunit containing three different types of iron-sulfur cluster. This catalytic portion catalyzes electron transfer from succinate to water-soluble electron acceptors such as phenazine methosulfate (PMS) in SQR (succinate dehydrogenase; SDH). In contrast, in QFR, it catalyzes electron transfer from water-soluble reduced methyl viologen (MV) to fumarate (fumarate reductase; FRD). For the localization of this catalytic portion in the membrane, two small hydrophobic subunits: approximately 15 kDa and 13 kDa, are required. Since many complex IIs contain heme b, this subunit is called cytochrome b subunit (Cyb L and Cyb S). This hydrophobic cytochrome b is also necessary for electron transfer between complex II and the hydrophobic components of the electron transport system present in the membrane such as ubiquinone and rhodoquinone. Overall, cytochrome b is localized in the membrane as a membrane anchor, and the catalytic portion is protruded into the matrix side of mitochondria and into the cytoplasm in bacteria. This structure has recently been confirmed in bacterial QFRs by crystal structure analysis. 15, 20) However, heme was not contained in the anchor domain of E. coli QFR 15) and two hemes are found in Wolinella succinogenes QFR, 20) while mitochondrial complex II contains only one heme b. Complex II (succinate-ubiquinone reductase/quinol-fumarate reductase) is a dehydrogenase in the respiratory system as well as an enzyme in TCA cycle, and directly connects these systems in the aerobic energy metabolism. Fp, flavoprotein subunit; Ip, iron-sulfur cluster subunit; Cyb, cytochrome b subunit.
Fig. 6. Subunit Structure of Complex II
Complex II of larva functions as succinate-ubiquinone reductase and that of adult does as quinol-fumarate reductase. Fp, flavoprotein subunit; Ip, iron-sulfur cluster subunit; CybL and CybS, large and small subunits of cytochrome b subunit; S1-S3, iron-sulfur clusters; UQ 9 , ubiquinone-9; RQ 9 , rhodoquinone-9.
The details remain to be clarified about mitochondrial QFR.
When A. suum mitochondria were isolated and solubilized with a detergent, and separated by various types of column chromatography, complex II was eluted at different salt concentrations by anion exchange chromatography between larvae and adult. 21) Furthermore, while larvae complex II has only SQR activity as complex II in mammals, the enzyme in adult has high QFR activity, as well as SQR activity. On comparison of the peptide map and reactivity with antibodies against the subunits, at least Fp and Cyb S in complex II differed between larvae and adult. Therefore, A. suum mitochondria also possess two types of complex II: SQR and QFR, and deal with environmental changes in the life cycle by inducing SQR in larvae which lives on aerobic energy metabolism, and QFR in adult which inhabit the small intestine under low oxygen tension. This is the first demonstration of the presence of isoforms of complex II in mitochondria, that have not been shown even in mammals, and is very interesting in regard to the diversity of complex II.
I-3. Properties of Adult A. suum Complex II
What characteristics of the subunit and primary structure is the key for the high QFR activity of adult complex II? To clarify this point, complex II was purified from adult mitochondria 22) and cDNA of each complex II subunit was cloned from larvae, adult, and free-living nematode Caenorhabditis elegans living on aerobic energy metabolism, 9, [23] [24] [25] and humans as a mammalian host. [26] [27] [28] Fp is highly conserved from bacteria to humans, and the region around His near the N terminal to which the prosthetic group FAD is covalently bound and the region that interacts with AMP domain of FAD are particularly well conserved. Fp contains the binding site to the substrates: succinate and fumarate, and histidine and arginine that are considered to be essential for these bindings and oxidoreduction are conserved in all species (Fig. 7) . Although the highest homology to adult Fp is observed in larval Fp, the amino acid sequence of larval Fp is much closer to that of free-living C. elegans than to adult Fp (Hirawake et al., submitted for publication). The point to be more emphasized is that the primary structure of adult complex II is closer to that of SQR than E. coli QFR, despite the high QFR activity. There were no sequences common to Fp of E. coli QFR and adult Fp. These characteristics are observed not only in Fp but also in other subunits in adult such as Ip. 24) Ip contains three different ion-sulfur clusters: 2Fe-2S, 4Fe-4S, and 3Fe-4S. The region involved in these bindings have the unique amino acid sequence containing cysteine observed in ferredoxin. Analysis by EPR showed that the redox potential of 3Fe-4S cluster is lower than that of mammalian SQR, 29) similarly to bacterial QFR, 30) and is considered to make the electron transfer easy from low potential reduced rhodoquinone (redox potential: -63 mV) to fumarate (+30 mM), but the primary structure around the binding site is also similar to that of SQR. In Fp, the antigenicity is very common throughout species, corresponding to the similarity in the primary structure. Polyclonal antibody against adult Fp recognizes not only mitochondrial Fp but also bacterial Fp, and monoclonal antibody reacts with Fp of most species including human Fp. 31, 32) In contrast, the membrane anchor cytochrome b is very species-specific. For example, polyclonal antibody against adult Cyb S does not react with Cyb S of canine filaria, which is also parasitic nematode (Saruta, unpublished observation). Actually, the primary structure quite differs among species, but functionally important amino acid residues and orientation in the membrane are conserved. 25 subunits of cytochrome b of complex II are very hydrophobic with three transmembrane segments, and the prosthetic group heme b is bound, forming crosslinkage between two histidine residues located in the transmembrane domains of Cyb L and Cyb S. [34] [35] [36] Cytochrome b is a subunit that transfers electrons to ubiquinone in larvae and rhodoquinone in mature ascarids, and is important subunit for interaction with quinones. On analysis by redox titration, the redox potential of cytochrome b (cytochrome b 558 ) of adult complex II was -34 mV, 37) which is higher than that of mammalian bovine cytochrome b 560 : -185 mV. 38) This property also is favorable for the electron transfer from low potential rhodoquinone. Recently, it has been revealed that the mutation of mev-1 strain, which is a mutant C. elegans strain with high sensitivity to oxygen stress and the life is shortened, is located on Cyb L of complex II. 39) This gene shares the promoter with ced-9, a Bcl-2 homologue that inhibits apoptosis. 40) The physiological function of nematode cytochrome b subunit in complex II is also very interesting in regard to response to environmental stress.
I-4. Parasitic Adaptation and Evolution of Mitochondrial Quinol-Fumarate Reductase
As described above, the anaerobic energy metabolism in the host environment is performed by NADH-fumarate reductase system in many parasites. In this system, mitochondrial complex II plays an important role as QFR. All four subunits in adult A. suum have higher homology to bacterial and mitochondrial SQR rather than to bacterial QFR. This finding is considered as follows (Fig. 8) . The origin of complex II is considered to be soluble QFR of early anaerobic bacteria that appeared when almost no oxygen was present on the earth. 41) Upon appearance of oxygen, complex II acquired SQR activity as a membrane-bound enzyme of the aerobic energy metabolic system, and became to play the important role of directly connecting TCA cycle to the respiratory chain. The fact that the primary structure of adult QFR is similar to that of SQR suggests that adult QFR was not directly derived from anaerobic bacterial QFR, and it is rather derived from SQR of free-living nematode such as C. elegans. This is strongly supported by the fact that the primary structure of larval Fp is more similar to that of C. elegans than that of adult (Hirawake et al., submitted for publication). It has been recently clarified that among larval complex II subunits, Ip uses the same subunit as those used in adult, 24) suggesting that Ip involved only in electron transport in the complex was conserved during the process of establishment of parasitic nematode, and adaptation to the environment was made possible by changing Fp and cytochrome b, the binding sites of the redox reaction substrates: succinate/fumarate and ubiquinone/rhodoquinone, respectively. As well as evolution of complex II, changes in quinones that directly transfer electrons to or from complex II are also interesting. When anaerobic bacterial QFR became membrane-bound, the reducing equivalent was transferred by menaquinone (-80 mV, Fig. 4 ), which is a naphthoquinone with a low oxidation-reduction potential observed in the anaerobic respiratory chain of the present E. coli. As it changed to aerobic SQR, ubiquinone (+110 mV) was added, which is high potential benzoquinone. Then, QFR may have appeared, which uses benzoquinone type rhodoquinone with low potential (-63 mV) observed in the current adult as the electron donor. 42) Therefore, rhodoquinone may be evolutionally new quinone, just as A. suum QFR, having the SQR type primary structure. Some bacteria are known to have a combination of rhodoquinone and QFR. For example, and the QFR gene of Rhodoferax fermentans also encodes for the amino acid sequence similar to the SQR amino acid sequence, but no regions or sequences common to A. suum QFR were found (Miyadera et al., BAA31213). The above findings suggest that SQR type QFR in various biological species evolved independently from SQR. It is expected to elucidate the general mechanism of enzyme evolution and molecular aspect of enzyme adaptation that generate the functional diversity.
I-5. NADH-Dependent 2-Methyl Branched Chain Enoyl-CoA Reductase System
In addition to the NADH-fumarate reductase system described above, another system is involved in ATP synthesis by complex I in A. suum mitochondria, in which the reducing equivalent from rhodoquinone is transferred to 2-methyl branched chain enoyl-CoA using three enzymes: electrontransfer flavoprotein: rhodoquinone oxidoreductase (ETF-RO), electron-transfer flavoprotein (ETF), and 2-methyl branched chain enoyl-CoA reductase, which is the NADH-dependent 2-methyl branched chain enoyl-CoA reduction system. These three enzymes play roles corresponding to QFR, using 2-methyl branched chain enoyl-CoA in place of fumarate as the terminal electron acceptor. 6) The three enzymes have been purified from ascarid muscular mitochondria. [43] [44] [45] The membranebound enzyme, ETF-RO, has characteristic properties. This enzyme with a molecular weight of 64.5 kDa contains FAD and ion-sulfur clusters, and has properties very similar to those of mammalian electron-transfer flavoprotein: ubiquinone oxidoreductase (ETF-UO). However, while ETF-UO plays an important role in β-oxidation of fatty acids and transfers electrons from ETF to ubiquinone, electrons flow in the inverse direction from reduced rhodoquinone to ETF in A. suum ETF-RO. The calculated redox potentials of the iron-sulfur center and the two steps in the complete reduction of the flavin of the A. suum ETF-RO are +25 mV, +15 mV, and -9 mV, respectively, at pH 7.4. Recently, values of +47 mV, +28 mV, and -6 mV have been reported for the pig liver ETF-UO. 46) Thus, the redox potential of the A. suum ETF-RO is more positive than either rhodoquinone or the enoyl-CoA/acyl-CoA couple (-40 mV), suggesting that its reduction may be the rate-limiting component of the pathway. The A. suum ETF-RO is more abundant than the corresponding ETF-UO of aerobic, mammalian mitochondria, attesting to the importance of branched-chain fatty acid synthesis in the A. suum organelle. Indeed, branchedchain fatty acids accumulate to over 100 mM in A. suum perienteric fluid.
I-6. NADH-Dependent Anaerobic Respiration as a Target of Anthelminthic
Because nematode NADH-dependent anaerobic respiration is not present in the host mammals, it is considered to be a promising target for antihelminthic. The target of bithionol and thiabendazole has been reported to be the fumarate reductase system. 47, 48) However, there has been no clear biochemical or pharmacological evidence because their inhibitory activities are weak. Recently, as the analysis of the NADH-dependent fumarate reductase system and 2-methyl branched chain enoyl-CoA reductase system progresses, an efficient inhibitor screening system for each enzyme system has become available, and compounds that specifically inhibit A. suum QFR have been found (Table 1) . Furthermore, a compound that specifically inhibits A. suum complex I at nM order has been found recently from Aspergillus niger.
49) The compound, nafuredin, competes for the quinone-binding site in complex I and shows high selective toxicity to the helminth enzyme. Moreover, nafuredin exerts anthelmintic activity against Haemonchus contortus in in vivo trials with sheep. This result indicates that mitochondrial respiratory chain of parasitic helminths is a promising target for chemotherapy.
II. Protozoan Energy Metabolism

II-1. Trypanosomes II-1-1. Energy Metabolism in African Trypanosome
The most studied parasitic protozoa is Trypanosoma brucei brucei that belongs to flagellates. T. b. brucei is the pathogen of African sleeping sickness mediated by tsetse flies. In addition to the problem as a human parasitic infectious disease, infection of animals, livestock in particular, is the principle issue concerning the protein resource in the African food problem, and rapid countermeasures are necessary. 50) Flagellates generally have one mitochondrion per cell, in which kinetplast DNA known for RNA editing is localized. Previous studies have clarified that T. b. brucei mitochondria markedly changes the structure and function in the life cycle (Table 2) . 51) In procyclic forms in the vector tsetse fly, ATP is synthesized by oxidative phosphorylation, and mitochondria with developed cristae containing the respiratory chain and ATP synthetase function. In contrast, in trypomastigotes inhabiting the host mammalian blood, energy metabolism by the glycolytic pathway is mainly used, which proceeds in a specific organelle, glycosome. Glycosomes contain 100-fold or higher concentration of the glycolytic enzymes than that in the cytoplasm of usual cells, and the reaction proceeds at a high efficiency. 52) For the operation of this glycolysis, re-oxidation of NADH produced in the glycolytic pathway is necessary, for which cyanide-insensitive glycerol-3-phosphate oxidase system (Fig. 9 ) present in the mitochondria plays an important role. 53) This system oxidizes glycerol-3-phosphate produced in the glycosomes using the electron transport system consisting of glycerol-3-phosphate dehydrogenase, ubiquinone, and cyanide-insensitive oxidase (Trypanosome alternative oxidase; TAO), and is localized in the mitochondrial inner membrane. Ten µM of inhibitors were added to the reaction mixture except Flutolanil (50 µM) and Piericidin A (25 µM). a) Compounds 1-9 were synthesized by Miyoshi. X2, X4 and X6 indicate the positions of residues on phenol. b) NT: not tested. 
II-1-2. TAO
Alternative oxidase, which is the terminal oxidase of the glycerol-3-phosphate oxidase system, has completely different structure from that of cyanidesensitive cytochrome c oxidase present in mitochondria of procyclic forms in mammals and tsetse vectors. Alternative oxidase is considered to contain iron, not heme, as the prosthetic group, although no direct evidence has been obtained. 55) Hill et al. showed by cDNA analysis that this enzyme belongs to the same enzyme family of mitochondrial alternative oxidase (AOX) in higher plants, algae, yeast, slim molds, and free-living amoebae. 54, 56) The common characteristics of this enzyme family including trypamosome enzyme are: 1) The enzyme has ubiquinol oxidase activity for reduced quinone (ubiquinol) as the substrate.
2) This enzyme is a mitochondrial inner membrane 30-38 kDa protein containing two hydrophobic regions. 3) As same as ribonucleotide reductase R2 and methane monooxygenase, a binuclear iron center is coordinated by two helices containing a GluXXHis motif and two helices conserving Glu or Asp residue, and this center is considered to be used as the catalytic site. 57) 4) This enzyme reacts with anti-plant AOX monoclonal antibody that recognizes the region (RADEXXHXXXNH) containing the C-terminal iron-bound motif. 58) 5) This enzyme is specifically inhibited by salicylhydroxamic acid (SHAM) and n-propyl gallate (Fig. 10) .
In plant AOX in which cysteine residue is conserved at a site close to the N terminal, the S-S-bound dimer has low activity. When α-keto acid is bound to the S-H group of the reduced monomer by thiohemiacetal linkage, the activity increases. It has recently been shown that in the absence of conserved cysteine residue at the N-terminal, the enzyme is activated by succinate present in the matrix. 59) In contrast, in amoebae, algae, and yeast, AOX is activated by purine nucleotides such as AMP and GMP. 60) However, since the enzyme is very labile, active purified samples have not been obtained, and all these studies were performed using cells or mitochondria.
This situation is the same in trypamosome. Hill et al. partially purified the enzyme from mitochondria after solubilization with NP-40.
61) The specific activity increased 10 times by gel filtration, and a 33 kDa peptide was identified as TAO, but no further information could be obtained due to its low stability and quantity. Since an E. coli for mass expression system of recombinant enzyme has been established recently, purification of the enzyme may become possible. Growth of recombinant TAO-expressing E. coli was resistant to cyanide, and the respiratory activity of the cell membrane was also cyanide-insensitive.
62)
II-1-3. Inhibitors Targeting TAO
As trypanosome glycerol-3-phosphate oxidation system does not exist in the host, it has been attracting attention as a target for trypanocides. Indeed, the inhibition site of suramin used in epidemic regions is thought to be the glycerol-3-phosphate oxi- This system oxidizes glycerol-3-phosphate produced in the glycosomes using the electron transport system consisting of glycerol-3-phosphate dehydrogenase, ubiquinone, and cyanide-insensitive alternative oxidase (TAO) localized in the mitochondrial inner membrane. dation system, 63) although the direct inhibition site of this drug has not yet clarified. Concerning about the electron transport inhibitors, many studies have been performed for TAO. [64] [65] [66] Inhibitors of plant AOX, SHAM and n-propyl gallate, have a benzene ring, as ubiquinone, and these agents inhibit TAO. Therefore, structure-function relationship was studied in detail among p-alkyloxybenzhydroxaminc acid, which is a structural analogue of SHAM, and various derivatives of 3,4-dihydroxybenzoic acid. Alkyl esters of 3,4-dihydroxybenzoic acid has been reported to inhibit the glycerol-3-phosphate oxidase system at a concentration that is 1/400 of the SHAM concentration. However, no drug has been developed for practical use because of low solubility due to hydrophobicity and selectivity.
Recently, microorganism-derived ascofuranone has been discovered, which exhibits specific inhibition of TAO, and the study for practical use is underway (Fig. 10) . 67, 68) Ascofuranone inhibits respiration of isolated trypanosome mitochondria at an order of several ten nM, which was the same in a culture system. 67) In an animal study, this agent exhibited a dramatic effect: trypanosome was disappeared from the blood flow within 30 min after treatment with the drug in combination with glycerol. 68) The agent also inhibits the respiration system of mammalian mitochondria, but it requires about 1000-fold higher concentration, showing that this agent has strong selective toxicity. Enzymological analysis using recombinant TAO revealed that the effect is due to competitive inhibition for ubiquinone, suggesting that the quinone ring structure is closely involved in the inhibition (ref. 62 and Fukai et al., unpublished result) . IC 50 of ascochlorine, in which the side chain structure is slightly different, is about 1000-fold higher, indicating that molecular recognition at the ubiquinone binding site of TAO is very specific.
II-2. Malaria Parasite II-2-1. Life Cycle of Malaria Parasite
Malaria is a protozoan infectious disease caused by parasitization of red blood cells by malaria parasite mediated by Anopheles. Characteristic fever followed by anemia and splenomegaly are the major symptoms. More than one million patients are estimated to die yearly due to emergence of malaria parasite resistant to the anti-malarial, chloroquine, which makes malaria one of the most important reemerging diseases. 69) There are four types of malaria parasite that infects humans, and Plasmodium falciparum and P. vivax account for the majority. Figure 11 shows the life cycle. After male and female gametes mated in mosquitoes, infective sporozoites appear in the salivary gland, and transfer into human blood when the mosquito sucks blood. The sporozoite reaches the liver within a few minutes and enters liver cells. The sporozoite becomes an exoerythrocytic form in hepatocytes, where it repeatedly divides to several thousand to several ten thousand merozoites in about 5-7 days. Merozoites are released into the blood and invade erythrocytes. The erythrocytic merozoite changes the morphology with development from ring form, trophozoite, to schizont, and 8-24 merozoites are formed after 48 hr. Therefore, many erythrocytes are destroyed at once in a constant cycle, causing periodic fever. The degree of synchronization of Falciparum malaria is low, and fever does not occur every 48 hr. Merozoites enter new erythrocytes in several ten seconds, and repeat the proliferation cycle. Some merozoites sexually differentiate to gametocytes and transmit to a mosquito during sucking blood, and the mosquito becomes a new infection source. Gametocytes are fertilized in the mid-gut in mosquitoes, and become infectious sporozites in about 10-14 days. In Vivax malaria and Ovale malaria, hypnozoites are observed, which latently stay in liver cells without division for a prolonged period and cause relapse. In most severe Falciparum malaria, erythrocytes infected with malaria parasite adhere to capillary blood vessels in the brain, lung, and liver, and the tissues become oxygen deficit due to destruction of vascular endothelial cells and aggregation of infected erythrocytes, resulting in degeneration and necrosis.
70)
II-2-2. Mitochondria of Malaria Parasite
From observation of the cells labeled with fluorescent dye, rhodamine 123, which is a hydrophobic cationic compound and by electron microscopy, malaria parasite is known to have mitochondria. 71) At the erythrocytic stage, one mitochondrion is present per cell, as in trypanosome, showing a sausage-like shape. 72) Mitochondrion is always localized close to another organelle, apicoplast, suggesting physiological interaction between these organelles. An apicoplast contains 35 kb DNA. 73) Based on its multi-layer membrane structure and homology between the genes encoded by chloroplast DNA, it has been revealed that apicoplast is a vestige of secondary symbiosis of eukaryotic algae, attracting attention in aspect of cellular evolution. 74) Regarding malaria parasite mitochondria, the main energy metabolism at the erythrocytic stage was considered to be ATP production by the glycolytic pathway, 75) and the physiological significance of mitochondria was unclear. However, the mitochondrial DNA sequence of P. falciparum has been determined, 76) and the unique properties have gradually been clarified. Generally, mammalian mitochondrial DNA is a circular DNA with approximately 16000 base pairs, and 13 types of proteins involved in the oxidative phosphorylation, two types of ribosomal RNA, and 22 types of tRNA are encoded. 77) In contrast, the malaria parasite mitochondrial DNA is short: 6000 base pairs. Only three proteins are encoded: cytochrome b and subunits I and III of cytochrome c oxidase, which is a terminal oxidase of the respiratory chain (Fig. 12) . Ribosomal RNA genes are fragmented, and tRNA genes are absent. 76) Other subunits, which are encoded by mitochondrial DNA in mammals, are probably encoded by nuclear DNA, which remains to be investigated. Sexually differentiated gametocytes contain about six mitochondria per cell, and the number of mitochondria is larger in females than males. 78) Changes in the morphology and number of mitochondria in the life cycle including sporozoites are interesting subject in relation to its physiological significance.
Biochemical analysis has been performed, and the morphology and enzyme activity of the electron transport system in isolated mitochondria have been reported. 79) However, as pointed out by Vaidya, 80) the yield and quality of mitochondria from malaria parasites is quite variable, and alternative methods for studying mitochondrial physiology are essential. This may be due to a small number of mitochondria per cell, the specific morphology and interaction with other cellular components such as apicoplast.
II-2-3. Respiratory Chain of Malaria Parasite
Fry et al. broke malaria parasite cells using a tight-fitting Teflon pestle and glass homogenizer, and obtained a fraction containing mitochondria using 22% (V/V) Percoll. 79) In this fraction, high electron transfer activity from NADH, α-glycerophosphate, and succinate to cytochrome c was observed. This activity was decreased by the addition of fumarate, suggesting the involvement of FRD in this chain. Based on the spectrum of oxidation-reduction difference spectra, cytochromes aa 3 , c, b, and c + c 1 similar to those of mammalians were detected, and the specific content was high: 30-50% of that in bovine heart mitochondria. Krungkrai et al. modified the Fry's method, isolated malaria parasite mitochondria at the erythrocytic stage, and purified active complex IV 81) and dihydroorotate dehydrogenase (DHO-DH). 82) However, the respiratory activity greatly differed between the two research groups. For example, the respiratory activity of mitochondria isolated from rodent malaria using succinate as the substrate was 150 nmol/min/mg in Fry's sample, 79) while it was very low: 1.45 nmol/min/mg in the sample of Krungkrai et al. 78) Thus, the preparation method of Plasmodium mitochondria has not yet been established, and very limited biochemical informations are available. Therefore, we began to analyze Plasmodium mitochondria at the gene level as well as biochemical analysis. First, we cloned the COIII gene encoding for subunit III of P. vivax cytochrome c oxidase, and compared with other species. 83, 84) The primary structure was very different from that of the host. Subunit III contains seven transmembrane helices in mammalian mitochondria, 85) but deletions specific to malaria parasite were observed in the hydrophilic loop regions between helix IV and the N-terminal, helix II, and III (Fig. 13) . Furthermore, a large insertion was found at a site close to the C terminal, suggesting that the electron transport reaction and enzyme assembly are very different from those of the host. On RT-PCR using P. vivax mRNA obtained from patient blood, the expression of the COIII gene at the erythrocytic stage was confirmed, strongly suggesting that cytochrome c oxidase functions in the mitochondria. We also have been studying Plasmodium complex II. We cloned the genes for Fp and Ip, and determined the entire base sequences. 86) In the amino acid sequence deduced from the DNA sequence, all amino acid residues necessary for the activity and binding to the prosthetic group were conserved, but Plasmodium-specific insertion and deletion were found. On comparison of the deduced amino acid sequence with E. coli SQR and QFR, both Fp and Ip were more similar to SQR than QFR. We have recently succeeded in expressing these subunits as a recombinant enzyme showing SQR activity in E. coli. This activity was not affected by TTFA, an inhibitor of mammalian complex II, revealing that malaria parasite complex II has very different properties from those of the enzyme in the host. The E. coli expression system is greatly expected as a screening system for novel antimalarial agents targeting complex II.
In addition, a mitochondrial fraction with SDH activity containing mitochondrial DNA has been obtained, using a Parr Homogenizer for destruction of the cells (Takashima et al., submitted for publication). This fraction showed respiratory activity using dihydroorotate as the substrate. The process of oxidizing dihydroorotate to orotate is catalyzed by dihydroorotate dehydrogenase, which has been purified and localized in the P. falciparum mitochondria by Krungkrai. 82) This reaction is the sixth step of the pyrimidine synthesis, and the reducing equivalent is transferred to ubiquinone. The final electron acceptor of the electron transfer from dihydroorotate was unknown in the previous experiments, but it is now clarified that oxygen is one of the acceptors. The previous reports and above findings suggest the mitochondrial electron transport system of the erythrocytic malaria parasites as shown in Fig. 14 .
In erythrocytic stage, several enzymes of TCA cycle are absent, and ATP production is dependent on the glycolytic pathway. 87, 88) What is physiological function of the respiratory chain of Plasmodium mitochondria? Formation of membrane potential is one function. 80) Most mitochondrial proteins are encoded by the nuclear DNA, synthesized in the cytoplasm, and transported to the mitochondria. Details of this molecular mechanism have been studied extensively. 89) Passing through the mitochondrial membrane requires membrane potential, and to form the membrane potential, proton pump activity of the respiratory chain is necessary. As described above, oxidation of dihydroorotate is essential for the pyrimidine synthesis, and electron transfer from dihydroorotate is the direct link between the nucleic acid metabolism and formation of the membrane potential, which is energy conservation reaction.
II-2-4. As a Target for Chemotherapy
The differences in mitochondria between malaria parasites and the host are expected to be the target for chemotherapy, and the site of atovaquone (Fig. 15) , which has recently been developed, is considered to be the mitochondrial electron transport system. 90, 91) Atovaquone is effective for chloroquineresistant strains, and is already used for therapy in epidemic regions in Africa and Thailand. 92) Atovaquone has been shown to be also effective for toxoplasma, 93) which belongs to apicomplexa, as well as malaria parasite, and causes typical opportunistic infection. The action site has been biochemically shown to be the ubiquinone oxidation site of cytochrome b of mitochondrial complex III. 90, 91) As shown in Fig. 14 , ubiquinone occupies an important position in the respiratory chain of Plasmodium mitochondria. It is the contact point between the pyrimidine metabolism and energy metabolism, which are essential metabolic systems for malaria parasite. Therefore, by targeting this point, it is possible to simultaneously inhibit the two important metabolic systems. Since many antimalarial agents contain a quinone structure, the enzymes mediates electron transfer of ubiquinone are considered to be promising targets, and development of a new antimalarial agent is highly expected.
III. Parasitic Protozoa without Mitochondria
In all parasites described above, mitochondria are somehow involved in the energy metabolism. However, some parasitic protozoa do not possess mitochondria. Examples are the pathogen of amebic dysentery, Entamoeba histolytica, Giardia lamblia that causes diarrhea, and Trichomonas vaginalis. All these protozoa inhabit an anaerobic environment under a low oxygen tension. It was considered that G. lamblia and T. vaginalis had never possessed mitochondria. 94) However, valyl-tRNA synthase, which is encoded by nuclear DNA and considered to be derived from mitochondria, has been shown to be present in these protozoa, revealing that mitochondria had once been possessed by these protozoa, but are absent now. 95) Recently, a mitochondria-derived organelle called 'mitosome' or 'crypton' has been discovered in the cytoplasm of E. histolytica on analysis of intracellular localization of mitochondrial heat-shock proteins. 96, 97) Its physiological function is unknown, but further study will reveal the origin of mitochondria and its cellular evolution.
How do these parasitic protozoa without mitochondria perform energy metabolism? Actively proliferating G. lamblia and T. vaginalis trophozoite have an organelle called hydrogenosome. 98) In hydrogenosomes, acetate is formed using pyruvate produced from glucose by the glycolysis. During this process, ATP is synthesized by substrate level phosphorylation (Fig. 16) .
99) The characteristic of this metabolic system is the presence of hydrogenase that reduces hydrogen ion and releases molecular hydrogen, and this system is very similar to the anaerobic bacterial system. The primary structures of pyruvateferredoxin oxidoreductase and ferredoxin are very similar to those of bacteria, and may have been acquired by horizontal transmission of the gene. 100) Hydrogenosomes have double membrane and properties close to those of mitochondria regarding ATP synthesis from pyruvate, but it does not contain cytochromes, TCA cycle, or specific DNA. Based on these properties, many research groups proposed a relation to peroxisomes. 101) However, based on analysis of heat-shock proteins present in the hydrogenosomes, hydrogenosome is now considered to have originated from the ancestor common to mitochondria. 102) In E. histolytica, the presence of hydrogenosome has not been concluded, but the presence of hydrogenase system has been at least biochemically demonstrated.
103) The host mammals do not have such anaerobic ATP synthesis system, and thus, this system is targeted by metronidazole, 104) which is known as a specific drug of these parasitic protozoa. Metronidazole is activated when reduced by reduced ferredoxin in the protozoa, and the produced radical kills the protozoa. Thus, specific electron transport systems in parasites can be positioned to the target of anti-parasitic agents.
Perspective
Parasites have diverse energy metabolic systems greatly different from that of the host, by which they adapt to the specific environment in the host. Regarding the control mechanism of response to a hy- Fig. 15 . Structure of Atovaquane poxic state in mammals, the involvement of hypoxiainducible factor (HIF) is being clarified, 105) but the study of this mechanism in parasites at the molecular level has just begun. Since the A. suum described in this review exhibits dinamic changes in the metabolic system in the life cycle, this parasitic nematode are greatly expected as a model system for the study.
As described in the previous section, the metabolic system different from that in the host is an appropriate target for chemotherapy. Since the energy metabolism, particularly, is an essential system for the survival of parasites, the inhibitors will be very effective anti-parasite agents. From this viewpoint, parasite mitochondria with specific functions have been analyzed by many researchers. Nematodes not only parasitize and impair humans and animals, but also damage agricultural products and plants. The properties of many genes and its products are very similar among nematodes including free-living and parasitic nematodes. 106) Novel compounds are being developed by the combination of systems of C. elegans, 107) in which the base sequence of all genes have been determined, 108) and A. suum, in which biochemical analysis is advanced. 49) In the development, investigation of a new target and structure-based drug design (SBDD) based on crystal structure analysis of the target may become the major strategy. 109) Many people in developing countries are still suffered from malaria, schistosomiasis, and filariasis. 69) In developed countries, parasitic infectious diseases such as toxoplasmosis and Pneumocystis carinii pneumonia caused by opportunistic infection due to the use of immunosuppressors and anticancer drugs and AIDS are increasing. Moreover, emergence of strains resistant to the current specific drugs is spreading as a great threat. 110, 111) Regarding the biological results based on new information obtained by the basic research of parasitic adaptation and development for clinical application, scientists have a great responsibility for the control of emerging and re-emerging parasitic diseases.
